ABSTRACT This study was designed to investigate the potential role of radionuclide angiographic phase imaging in defining ventricular pacing sites. Twenty patients were paced from multiple right ventricular and left ventricular sites. Ten patients had both normal wall motion and normal electrocardiograms (ECGs) 
VENTRICULAR ECTOPY is ubiquitous in man and its significance in the general population continues to be a challenge to define.' Included with the variety of classification schemes2-' that have been developed to better stratify patients at risk for sudden death have been attempts at defining the site of origin of premature ventricular complexes based on their surface electrocardiographic (ECG) morphology.`The apparent "benign" nature of right ventricular premature complexes has been noted,9"12 and this observation has been extended to patients with sustained right ventricular tachycardia as well.'3 A variety of studies, however, have failed to confirm the value of this morphologic distinction. 1t18 Indeed, regardless of the surface ECG pattern, patients with coronary artery disease are likely to have arrhythmias of left ventricular origin.'9 Endocardial mapping studies have also suggested that apparent right ventricular arrhythmias are not necessarily without malignant potential.20 Thus, it is unclear whether the surface ECG can adequately define the origin of ventricular ectopy, and equally uncertain whether there is a definite difference in prognosis based on ventricular origin.
This study was designed to evaluate the potential role of radionuclide angiographic phase imaging in localizing the origin of ventricular ectopy. Previous reports have confirmed a direct relationship between the sequence of electrical conduction and subsequent mechanical contraction21-22; more recent studies have verified the ability of phase-image analysis in portraying this ventricular activation sequence noninvasively. [23] [24] [25] The patterns of both left and right bundle branch block have been depicted,26 27 the location of WolffParkinson-White pathways discerned,24 and the focus of continuous ventricular tachycardia identified28 by radionuclide angiographic phase imaging.
The goal of this study was to determine whether phase-imaging methods are an improvement over routine 12-lead ECG morphologic criteria for localizing ventricular pacing sites and, with the use of intermittent ventricular extrasystoles, to explore the potential for identification of the site of spontaneous ventricular complexes. Those ECGs with a superior axis (0 to -180 degrees) were assigned to either area 2 (apical) or area 3 (inferior). Those ECGs with an inferior axis (0 to + 180 degrees) were assigned to area 1 (septal) or area 4 (lateral). The figures provided by Waxman and Josephson30 were then used to help distinguish septal from lateral and apical from inferior sites. In general, septal pacing sites were assigned when a QS was noted in lead V, while lateral sites were assigned when a monophasic R was present in leads V, and V2. Apical pacing sites were believed to be present when a QS was noted in leads 1, V2, and V6, and those ECGs with a superior axis not fitting this description were assigned to the inferior region. Considerable difficulty was occasionally encountered in assigning a specific region based on these ECG criteria and admittedly they are somewhat imprecise. Discrep All apparent pacing sites, as determined by ECG morphology, were localized on the work sheet (figure 1) in much the same manner as that described for catheter positioning.
Radionuclide angiographic methods. Blood pool labeling was accomplished by an in vivo-vitro technique. Ten milliliters of blood were withdrawn from each patient 20 min after an intravenous injection of 1.7 mg of stannous pyrophosphate. The sample was mixed with 25 to 30 mCi of technetium-99m pertechnetate and gently agitated for 10 min. Each patient was then reinjected with the labeled blood. Imaging was performed in the catheterization laboratory with a General Electric Med IIl mobile gamma camera equipped with a 3/8 inch crystal and a highsensitivity collimator. The field uniformity correction used by this camera results in an overestimation of the actual count rate by approximately a factor of 1.33. These factors combined to provide a measured count rate of 150,000 to 200,000 counts per frame for each 3 min acquisition.
During continuous ventricular pacing, gated radionuclide angiography was performed with the use of 20 frames per R-R interval. Since patients were continuously paced during framemode acquisition, there was negligible R-R interval variation and, hence, negligible count drop-off in the frame-mode images. Imaging was done in right anterior oblique, modified (15 degree caudal tilt) left anterior oblique, and left lateral projections for 3 min. Via established cabling, X, Y, and Z pulses were transmitted to a multiterminal computer system (MDS A2 40,000). In the initial seven patients, all three views of each catheter site were obtained. Subsequently it was evident that, because of left ventricular overlap, left lateral views did not contribute useful information on right ventricular pacing sites, and right anterior oblique views, likewise, were not of value in the left-sided pacing sites. Therefore, depending on the ventricle paced, only two views of each ventricle were obtained in the remaining 13 patients.
Data were collected during intermittent pacing with list-mode acquisition for 5 min during the insertion of premature ventricular extrasystoles at fixed intervals. Collecting data in this manner permitted construction of frame-mode studies after the fact. The operator could then choose the beats to include in the final study on the basis of the R-R interval. In this manner, the data were separated into two separate studies, one of sinus beats and one of paced beats in which the R-R interval was used to discriminate between the two. The time per frame for each study was determined by dividing the shortest R-R interval in the group of interest by 20. This effectively prevented count dropoff in the final frames due to varying R-R intervals since the length of the gated study was only as long as the shortest R-R interval in the group of interest.
The frame-mode studies from continuous pacing and those reformatted from the list-mode acquisition subsequently underwent both spatial and temporal filtration with five-point filters. The cutoff frequency for these filters was 2.3 to 3.5 Hz.
During the cardiac cycle, the change in counts in each pixel is cyclic and reflects volumetric changes at that pixel site. The first harmonic Fourier transform of each pixel's time-activity curve can then be determined, yielding a best least-squares fit of a sinusoidal function to the raw data in each pixel. The results of the transform give a value for the amplitude of the change in activity in the pixel throughout the cardiac cycle and a value for the phase angle. The phase angle approximates the time in the best-fit sinusoid at which the peak amplitude is reached. Because the time-activity curve is not symmetric, it is not a precise measurement of the actual end-diastolic point, but relative differences between pixels across the ventricle can be assessed. The value for the phase angle of each pixel is then used to construct the phase histogram. The visual display of the location and sequence of these phase angles is referred to as the phase image. A translation table relating the 255 gray levels is constructed such that only those phase angles related to ventricular activity are displayed in the phase histogram. The resulting pattern of color changes can then be more easily visualized in the phase image. In this manner, the wavefront of phase changes can easily be followed from the earliest to the latest phase. For the purpose of demonstration, the earliest phase is always white followed by purple in each of the figures.
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To reduce the etlects of low-amplitude -loie.'' the phase image was masked bv the anmplitude image wherein pixels of less than 10% to 1 5%7f of maximumll Were excluded. The level chosen was one that provided the most uniform phase image visually and was operator controlled. Of the 60 pacine sites. 10%/c masking was used in biye (8%7) and 15%Xc masking was used in the remainder. Pixels with aimplitude changes less than 10%r RV (3) RV (2) RV(I)
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RV (2) LV ( LV (2) LV (2) LV (3) LV (3) LV (3) LV (2) LV (4) LV (3) LV (2) LV ( RV ( copy correlated with the phase-image location despite both an abnormal conduction system and abnormal wall motion. Further correlations of catheter position with phase-image results are shown in figure 5 , which illustrates results of pacing performed in area 3. Note that because of the three-dimensional nature of the radionuclide phase information, the left anterior oblique phase image could not differentiate a superior focus from an inferior site in this area of the heart (compare with figure 4) . This is further emphasized in figure 6 , which illustrates results when the catheter was moved to a superior position. The lateral view is thus required to adequately separate superior and inferior pacing sites in the left ventricle.
Since evidence exists that ECG methods define septal ventricular foci poorly, one patient (No. 17) underwent apical pacing on either side of the septum to determine whether phase imaging could distinguish these pacing sites (figure 7). In this latter instance, the phase image accurately predicted the catheter origin, suggesting that ventricular ectopy that initially activates either the right or the left ventricular endocardium in the septal region might be readily distinguishable by these methods.
Phase-image analysis of simulated premature ventricular contractions. Intermittent premature ventricular stimulations were induced in 15 patients. Figure 8 illustrates data from a patient (No. 14) with baseline left bundle branch block in whom these intermittent premature ventricular extrasystoles were induced at a fixed coupling interval during sinus rhythm. The baseline image reveals early phase angles over the right ventricle followed by phase angles over the left ventricle, as expected in left bundle branch block. Reformatting the premature ventricular stimulations into a radionuclide angiogram and subsequent phase analysis allowed accurate localization of the catheter pacing site to area 4 despite the presence of poor global contractile function and the underlying conduction system disease.
Discussion
Electrocardiographerst1 have long been intrigued by the possibility of localizing the site of ventricular ectopy based on the resultant QRS pattern on the surface ECG. Support for the concepts that left bundle branch morphology is the result of right ventricular ectopy and that right bundle branch patterns occur with left ventricular foci came from many sources'. 69 29 If it can be shown that the origin of spontaneous ventricular ectopy defined by these methods corresponds with the site of origin by endocardial mapping, then this technique may be able to contribute substantial clinical information to the evaluation of patients with ventricular arrhythmias. Its potential for application in a large number of patients with premature ventricular contractions might provide the basis for the better assessment of the prognostic significance of the ventricular ectopic origin. The method might also assist invasive catheter mapping by directing the study toward the arrhythmic focus45 before the electrophysiologic evaluation. While it is certainly unclear at this juncture whether these methods could ever replace invasive electrophysiologic procedures for localization of arrhythmic foci, further studies are warranted to obtain a better understanding of the role phase imaging may play in these evaluations.
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